Most cellulolytic microorganisms produce one or more extracellular proteases that partially degrade their cellulases into multiple active isozymes, even though little is known about the role of proteolysis in cellulose metabolism (4, 16, 17) . A common modification is the removal of a cellulose binding domain to produce a catalytic domain species (5, 6, 23) . Thermomonospora fusca is a filamentous soil bacterium that is an active degrader of cellulose and other plant cell wall polymers in moderately thermophilic environments such as compost piles (27) .
T. fusca excretes an active thermostable protease that cleaves its cellulases into many isozymes (1) , and the protease is synthesized at a higher level when cellulose is the carbon source (8) . T. fusca cannot utilize casein as a nitrogen source, and so the protease does not function to scavenge amino acids from proteins in the environment. However, the extracellular protease is not required for growth on cellulose, since a T. fusca mutant (ER1) that does not produce the protease was isolated, and this strain grows normally on all carbon sources tested, including cellulose (28) . It is possible that the protease is needed when T. fusca grows on its normal substrate, plant cell walls. The extracellular protease has been purified, characterized, and shown to be a serine protease that cleaves near hydrophobic amino acids (7, 14) . In this paper we describe the cloning, sequencing, and expression of the gene encoding the T. fusca extracellular protease (tfpA) in both the wild type and a protease inhibitor mutant of Streptomyces lividans. The sequence of the gene shows that the protease is a member of the chymotrypsin family, and it is synthesized as a 375-residue prepro protein that is cleaved to produce the 194-residue native protease.
In order to clone the protease gene, a 17-mer degenerate oligonucleotide probe, 5Ј-AA(C/T)CC(C/G)TA(T/C)TA(T/C) TT(T/C)GG-3Ј, designed to code for the ninth to the fourteenth residues (NPYYPG) of the N-terminal end of the mature T. fusca protease (14) , was synthesized and end labeled with digoxigenin-dUTP by use of terminal transferase (Boehringer Mannheim, Indianapolis, Ind.) (11) . A T. fusca YX gene library in bacteriophage lambda was constructed and screened as described earlier (11) . Approximately 15,000 plaques were tested, and 15 were positive, all of which contained a 1.0-kb SalI fragment (pPG-1). A second probe, 5Ј-A CGGTGACGTCGTCCGCG-3Ј, was prepared on the basis of the DNA sequence from the 5Ј end of the 1.0-kb SalI fragment, end labeled with digoxigenin-dUTP by use of terminal transferase (11) , and used to identify a 6.0-kb PstI fragment by Southern hybridization to lambda L-1 DNA. The sequence of the rest of the open reading frame was determined, and it showed that the entire protease gene was present in a 1.8-kb KpnI-HindIII fragment. The scheme for construction of the plasmids used to clone the tfpA gene is shown in Fig. 1 . The shuttle plasmid, pSES1, was created by combining the Streptomyces plasmid pIJ702 (10), pUC19 (Gibco), and a linker containing a multiple cloning site. Plasmid pGL1 was transformed into a protease-deficient S. lividans strain, TKM31 (30), with thiostrepton being used for selection. Colonies producing active protease formed distinct white rings on phosphate starvation (26) agar plates containing 1% casein and 1% gelatin (PSCG plates). Western blots (immunoblots) showed that E. coli carrying pPG-1 or pPG-2 did not produce a protein that reacted with protease antiserum, but S. lividans pGL1 transformants expressed and secreted the protease (15) .
The nucleotide sequence of the T. fusca protease gene contains a 1,125-bp open reading frame which encodes a 375-amino-acid-residue protein (Fig. 2) . Many extracellular bacterial serine proteases are synthesized as precursors that have an N-terminal prepro region (3, 9, 12) . The prepro peptide is necessary for secretion and folding of the active enzyme (18, 19) . The inactive precursor is secreted and is probably activated by self cleavage. Mature T. fusca protease denatured by guanidine hydrochloride does not regain activity after dilution or dialysis (data not shown). This fact is consistent with the proposal that the propeptide is required to correctly fold this enzyme (18) . The same consensus amino-terminal sequence, IXGG, that is the site of cleavage to form the active enzyme in eukaryotic serine proteases (20, 25, 29) is present in this and other bacterial proteases, even though cleavage sometimes occurs a few amino acids earlier.
The transcriptional start codon was determined by primer extension to be 19 nucleotides upstream of the translational initiation codon (Fig. 3) . The size of the T. fusca protease mRNA is 1.1 kb on the basis of a Northern (RNA) blot (data not shown), which is consistent with the size predicted from the (15) were determined to have the sequence predicted by the DNA sequence, which differs from the reported sequence in the first five residues (14) . It is not clear what caused this difference, since the same strain of T. fusca was used by both groups. The molecular size of the native protease calculated from the DNA sequence is 19 kDa, which is close to the value determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (18.7 kDa). The protease secreted by the S. lividans strain carrying pGL1 showed activity at 65ЊC, as expected; however, during the purification process, at ambient temperatures, much of the protease was found to be insoluble. Several protein inhibitors of proteolytic enzymes have been reported from Streptomyces species (21, 22, 24) , and we suspected that an insoluble inhibitor-protease complex could be responsible for this behavior. Colonies of S. lividans carrying pGL1 were grown on 2% skim milk-0.8% nutrient broth-Luria broth plates that contained 50 g of thiostrepton per ml. Colonies that produced a large zone of clearing were assumed to be potential protease inhibitordeficient mutants (21) , and several were picked and grown in 20-ml cultures of tryptic soy broth containing 10 g of thiostrepton per ml. After 3 or 4 days of bacterial growth, culture supernatants and cell extracts were prepared for Western blotting with a T. fusca protease rabbit antiserum, obtained from T. Gusek (7) , and the culture that produced the highest level of protease activity was designated S164. The behavior of the protease from S164 during purification is very similar to that of the protease from T. fusca.
To test the interaction between the S. lividans protease inhibitor and the T. fusca protease, supernatants from S164 and the wild-type pGL1 transformant TKM31 were electrophoresed on a native gel, which was run from the anode to the cathode (2), followed by Western blotting. The protease band from the wild type is retarded, whereas the protease bands from the mutant run in the same position as the protease bands from purified T. fusca on the native gel (Fig. 4) . This result indicates that there is an interaction between the T. fusca protease and an S. lividans protein that is not present in the mutant strain. The presence of two protease bands in lanes 3 to 6 is consistent with the isoelectric focusing data of Gusek and Kinsella (7); they suggest that this may be the result of limited deamidation of the native enzyme.
The broad specificity, temperature stability, wide pH optimum, and sodium dodecyl sulfate resistance of the T. fusca protease (13) make it potentially useful for many applications.
Nucleotide sequence accession number. The nucleotide sequence accession number of the protease gene from T. fusca (GenBank) is U65895. 
